Cellulose is a renewable biopolymer that can be produced in relatively pure form at low cost. It is, hydrophilic, biodegradable, biocompatible and easy to functionalize due to the six hydroxy groups on each of the anhydrocellobiose units that comprise the straight chain polymer. Apart from its traditional uses in the manufacture of textiles and paper, cellulose is finding new uses in bio-diagnostic devices and other functional surfaces that take advantage of its regular polysaccharide surface and well-characterised composition. Recently, the development of bioactive paper and the production of bioethanol from the cellulosic components of wood and agricultural residues have attracted wide interest. Paper has been engineered as a platform for low cost diagnostics in environmental and health applications where identification and/or quantification of specific biomolecules or chemical agents is essential[@b1][@b2]. Producing bioethanol from lignocellulosic biomass requires the responsible enzyme, fungal hyphae or bacterial membranes that excrete hydrolytic enzymes that must first adsorb onto the cellulose surface and then to catalyse the appropriate reactions[@b3][@b4][@b5]. In both bioactive papers and in enzymatic hydrolysis, the interactions between the cellulose surface and a bio-macromolecule play a critical role in determining the response rate and hence the utility of the process.

Despite the importance of the interactions between bio-macromolecules and cellulose surfaces, there is little useful information available concerning the structure, conformation and density of absorbed bio-macromolecules at cellulose surfaces. The scarcity of information stems primarily from two factors. Firstly, paper and wood both have complex three-dimensional hierarchical structures[@b6] and their variable characteristics such as porosity, thickness, and chemical composition render the analysis of adsorption/desorption of antibodies and enzymes extremely difficult. Secondly, the overall chemical compositions and electron/neutron densities of cellulose and most bio-macromolecules are sufficiently close to limit opportunities for the contrast between a cellulose surface and an adsorbed biomolecule when examined by X-ray/neutron reflectometry[@b7], spectroscopy and microscopy. These limitations have led various workers to use model cellulose films as a platform to investigate interfacial characteristics[@b8][@b9][@b10][@b11][@b12][@b13].

To date, cellulose model films have been prepared from either nanocellulose, or cellulose derivatives using two main approaches: Langmuir-Blodgett (LB) deposition[@b14] and spin coating[@b15][@b16]. The relative performances of these techniques have been reviewed by Kontturi[@b11]. Native or functionalized films of regenerated and nanofibrillar cellulose have been used to study the adsorption and chemical conjugation of antibodies, and the dynamic adsorption and other features of the adsorbed antibody have been characterized by quartz crystal microbalance (QCM) with dissipation, atomic force microscopy (AFM) and surface plasmon resonance (SPR)[@b8][@b17]. Factors such as cationicity, ionic strength and pH of the solution in which the macromolecule was dissolved were reported to control antibody/enzyme adsorption[@b8][@b9][@b18]. Erikson *et al*. measured the adsorption kinetics of *H. insolens*, a cellulase, on thin cellulose films in terms of adsorption mass and film thickness using ellipsometry. They reported full enzyme coverage on cellulose forming a monolayer 25 Å thick adsorbed at Γ~max~ = 5.5 mg/m^2^; the dry cellulose films were 300 Å thick with a roughness of 50 Å and swelled to 820 Å once hydrated[@b16].

Despite these advances, our current knowledge of the conformations adopted by biomacromolecules at the cellulose/water interface and of the properties of the adsorbed layers remains limited. Little is known about the interfacial configuration adopted by biomolecules such as enzymes and antibodies once they adsorb onto a cellulose surface, nor on the effect of biomolecule interfacial configuration on functionality. There have been many published examples of the conformation of adsorbed biomacromolecule at the interfaces strongly influencing properties such as reaction rate, selectivity and longevity[@b19][@b20][@b21].

While SPR and QCM offer quantification of the adsorption kinetics in real time, atomic force microscopy (AFM), ellipsometry[@b16] and reflectometry (X-ray and neutron) have emerged as powerful techniques to probe the morphology of biomolecules at liquid-solid interfaces. Of those techniques, neutron reflectometry (NR) is especially attractive because of its sensitivity to isotopic contrast, specifically between the number density of deuterium (^2^H) and the light isotope of hydrogen (^1^H), between either the biomolecule or the substrate. Under the best conditions, NR can reveal specific important details concerning the adsorbed biomolecule morphology. NR does however suffer from two major drawbacks due to the poor information content of the measurement since it is essentially a 'one-dimensional technique', only probing layer thickness composition and uniformity at the Å to μm level. Partial or complete deuteration of either the surface or the biomolecule enhances both level of contrast and the information content of the measurement. Deuteration of cellulose may be achieved more simply and cheaply than deuteration of most bio-macromolecules[@b22]. The deuterated cellulose can then be processed into smooth, thin films. These films would be an enabling step to exploit the full ability of NR to visualize morphology and quantify the adsorption of many bio-macromolecules on cellulose substrates.

It has been the objective of this study to prepare smooth deuterated cellulose (DC) films from deuterated bacterial cellulose (DBC) suitable for NR studies. This objective has been achieved by growing cultures of *Gluconacetobacter xylinus* in media containing a deuterated carbon source and D~2~O as a solvent. There are no cellulose solvents having sufficient volatility suitable for spin coating and so a number of more soluble chemical derivatives of the deuterated cellulose were prepared and these were dissolved in volatile solvents suitable for spin-coating. Derivatization of deuterated bacterial cellulose into trimethylsilylyl cellulose (TMSC) and cellulose tri-acetate was investigated. Different regeneration methods are available for the different synthesis processes of cellulose film[@b5][@b10]. In our case, the cellulose films for reflectivity were regenerated from the hydrolysis of TMSC cellulose derivative films under mild conditions as reported by Kent *et al*.[@b5]. The enhanced contrast was explored by using NR to investigate the structure of a model enzyme, horseradish peroxidase (HRP), absorbed from solution at the deuterated cellulose-water interface.

Preparation of DC Films from DBC
================================

The procedure used to prepare deuterated cellulose films is represented schematically in [Fig. 1](#f1){ref-type="fig"}. It is a three-step process: the first step consists of derivatizing deuterated bacterial cellulose so that it becomes soluble in a volatile organic solvent; the second step is to spin coat a thin, smooth and uniform DBC derivative film onto polished silicon block and the third step involves regenerating the DBC derivative film into a film of deuterated cellulose.

Deuterated bacterial cellulose growth and characterisation
----------------------------------------------------------

Deuterated bacterial cellulose pellicles were produced from the *Gluconacetobacter xylinus* strain ATCC 53524 grown on media containing deuterated glycerol as a carbon source dissolved in D~2~O as a solvent. Strains of *Gluconacetobacter xylinus* are prolific in bacterial cellulose production, forming a pad or a membrane of cellulose called a pellicle on the surface of the culture medium. Unlike most plant-derived cellulose, the bacterial cellulose is not biosynthesized as a composite with other cell wall polymers (lignin, hemicelluloses), but is extruded into the growth medium from where it can be isolated and purified readily[@b23].

The details and characterisation of bacterial cellulose pellicles using different carbon sources containing hydrogen atoms in natural isotopic abundances have been were published elsewhere[@b24]. Bacteria were initially cultivated in Hestrin and Schramm media with glycerol as the carbon source. The media consisted of 20 g/L carbon source, 5 g/L peptone, 5 g/L yeast extract, 2.7 g/L NaHPO~4~ and 1.15 g/L of citric acid in H~2~O initially for adaptation of the bacteria and then moved to the deuterated medium through several increments of increasing deuterated glycerol and D~2~O in the solvent. The pH of the medium was adjusted to 5.0 at the start of growth. Cellulose pellicles were cultivated with increasing amounts of deuteration before final harvesting. This procedure allows in principle production of cellulose films with multiple levels of deuteration. The final DBC pellicles were first rinsed with distilled water to remove excess medium, and then heated (90 °C) in 0.1 M NaOH solution for 30 min to inactivate attached bacterial cells and remove proteins. After boiling, the pellicles were purified by extensive washing in distilled water at room temperature and centrifuged (5000 rpm, 10 min) several times until the pH of the water reached 7.0. Small samples of DBC were collected before and after boiling and subjected to vacuum drying for two days for attenuated total reflectance Fourier transforms infrared spectroscopy (ATR-FTIR). [Figure 2](#f2){ref-type="fig"} shows the ATR-FTIR spectra of the DBC before and after treatment with NaOH solution. Absence of two signature bands of attributable to protein (amide I at 1,655 cm^−1^ and amide II at 1,545 cm^−1^) after the treatment with NaOH, washing and freeze drying[@b25] confirmed the efficiency of removal of bacterial cells and debris from the pellicles.

Oven-dried weights of samples were determined after drying overnight at 105 °C. The remaining wet DBC samples were repeatedly solvent exchanged with 100% ethanol by placing the wet suspension in a 50 mL tube for 10 min with 100% ethanol (40 mL), and then centrifuging (5000 rpm, 10 min). Removal of the aqueous ethanol supernatant and repetition of the process five times gave a suspension of DBC in ethanol that was essentially anhydrous. Finally, the excess ethanol was removed from the DBC by pressing against a nylon fabric mesh on top of a blotting paper. This DBC sample was kept at 4 °C in a closed container and used without further drying for preparing cellulose acetates and trimethylsilylation (TMS) of DBC that could be dissolved in volatile solvents.

The ATR-FTIR spectrum of deuterated (DBC) and natural bacterial cellulose (BC) as a reference were compared in [Fig. 3](#f3){ref-type="fig"} and assignments are given in [Table 1](#t1){ref-type="table"}. Those assignments agree to those in the literature[@b26]. Infra-red bands attributed to OH-stretching are located at approximately 3,500 cm^−1^ and 3,300 cm^−1^ in the samples. The majority of the bands corresponding to the CH-stretching modes are located between 3,000 cm^−1^ and 2,800 cm^−1^, and the expected absorption bands were in fact observed in the BC spectrum ([Fig. 3](#f3){ref-type="fig"}). These bands were largely absent in the corresponding spectra of the DBC sample consistent with the expected non-lability of the C-D bond to undergo exchange. Bands around 2,485 cm^−1^ and 2,100 cm^−1^, corresponding to O-D stretching and C-D stretching respectively and consistent with the expected isotopic shift for IR bands, were recorded in the DBC sample ([Fig. 3](#f3){ref-type="fig"}) indicating that only a small proportion of the deuterium attached to oxygen had been exchanged for hydrogen during contact with water and ethanol. These data provide strong evidence that a major proportion of deuterium was incorporated into the DBC by the bacteria and that O-D to O-H exchange in heavy water at pH 7 is relatively slow.

Deuterated Cellulose films from DBC
-----------------------------------

DBC as purified above was used for preparing solution of the (deuterated) cellulose derivative, trimethylsilylyl cellulose (TMSC), for spin coating and subsequent deuterated cellulose film preparation. This process-required trimethylsilylation of cellulose[@b28][@b29], and achieved as follows: Ionic liquid BMIM chloride (10 g) was dried by placing it in a 25 mL single-necked round-bottomed flask and heated at 120 °C under vacuum (500 Pa) for 16 h. In order to minimise ingress of moisture, the flask was allowed to cool to room temperature and then fitted with a condenser, magnetic stir bar and silicone oil bubbler that enabled the BMIM chloride to be kept under an atmosphere of dry high purity nitrogen. Hexamethyl disilazane (2 mL) was added to the BMIM chloride and the mixture stirred overnight at 100 °C. The condenser and bubbler were removed, and then volatiles were removed by rotary evaporation under vacuum at 170 °C (3 h, 500 Pa).

A 25 mL three-necked, round-bottomed flask equipped with a reflux condenser and a magnetic stir bar was charged with DBC (0.1 g, 0.61 mmol equivalents) and BMIM chloride (2.5 g dried as above). The mixture was stirred at 100 °C under vacuum (500 Pa). A clear solution of deuterated TMSC in the ionic liquid was obtained after 6 h. The flask was then equipped with a silicone bubbler and an inlet for dry nitrogen and was flushed with dry nitrogen for 30 min. Following dissolution of the cellulose, hexamethyl disilazane (1.8 g) was added and the mixture stirred at 100 °C for 2 h. Following this period, anhydrous toluene (8 mL) was added and the mixture stirred at 100 °C for a further 16 h. At that point stirring was stopped and the solution allowed cooling to room temperature. The toluene phase was separated from the ionic liquid using a syringe and the ionic liquid was extracted twice with anhydrous toluene (2 × 8 mL). The combined toluene fractions were reduced to a volume of 4 mL by rotary evaporation under vacuum (500 Pa). The product was precipitated by pouring the toluene solution into anhydrous methanol (50 mL). The product was isolated by filtration, washed three times with anhydrous methanol (3 × 5 mL) and dried at 60 °C, 5 Pa to give trimethylsilyl deuterated bacterial cellulose as a white amorphous solid (0.15 g). The trimethylsilylyl cellulose (TMSC 100 mg), was dissolved in toluene (10 mL) and the solution was placed on a cleaned silicon block and then spin-coated at 4000 rpm for 30 sec. The deuterated TMSC films were hydrolysed to deuterated cellulose films by exposure to vapours above 1M aqueous HCl in a closed container at 20 °C for 15 mins[@b30].

Characterization of deuterated cellulose films
----------------------------------------------

The quality of the DC films prepared by spin coating as described in the Experimental section was first characterised by Atomic Force Microscopy (AFM). The smoothness of the film before and after regeneration with acid vapours ([Fig. 4](#f4){ref-type="fig"}) was characterised. Both AFM images show uniform and smooth films with a root mean square (RMS) roughness of 17 Å and 11 Å before ([Fig. 4a](#f4){ref-type="fig"}) and after ([Fig. 4b](#f4){ref-type="fig"}) regeneration, respectively.

Specular neutron reflection (NR) is a very useful technique for direct investigation of phenomena at the solid/water and solid/air interfaces[@b5][@b31][@b31]. The technique can also be employed to monitor the interfacial interactions between cellulose and bio-macromolecules under controlled conditions. [Figure 5](#f5){ref-type="fig"} shows the NR measurements on the DC film at the air/film interface. The fringes observed in the NR measurements related to the SLD difference, thickness and smoothness of film. For further analysis, the NR curves were fitted using IgorPro based the MOTOFIT macro[@b33]. The model consists of a number of slabs of known scattering length density, thickness and interfacial roughness. The front and back of the model are effectively infinite and depending on the measurement geometry, on one side Si, and on the other side either air or D~2~O. A further modelling parameter may be introduced, in the solvent penetration model, where the slab contains a homogenous mixture of solvent and polymer. In this case the SLD of the slab is determined by the volume fraction of water, since the SLD of this slab will be a linear combination of the solvent and cellulose SLD's[@b32][@b33][@b34][@b35].

In all cases, modelling the NR curve was underpinned by a pre-existing SiO~2~ layer on the bare Si block. The resulting fitted parameters for subsequent samples (layer thickness, interfacial roughness and SLD) are shown in [Table 2](#t2){ref-type="table"}. The thickness of the deposited DC film measured in air is 90 Å with a roughness of 15 Å. The resulting SLD of the DBC film is 5.5 × 10^−6 ^Å^−2^ which is similar to the theoretically calculated SLD of 5.58 × 10^−6 ^Å^−2^ for deuterated cellulose having a chemical composition of C~6~H~3~D~7~O~5~ and density of 1.5 g.cm^−3^.

Visualisation of Bio-Molecules
==============================

Adsorption and visualisation of bio-macromolecules on deuterated and natural isotopic abundance (non-deuterated) cellulose was studied by neutron reflectivity. Horseradish peroxidase (HRP) was used as a model bio-macromolecule to investigate the utility of NR in revealing adsorption conformation information for biomolecules adsorbed at the solid solution interface. HRP is an alpha-helical enzyme containing a heme group. It is considered a suitable model system because of its well-known structure, mechanistic understanding[@b36], relatively stability and high potential for biotechnological use[@b37]. The limitations in applying NR to study protein adsorption on smooth natural isotopic abundance cellulose films were illustrated by adsorbing HRP onto a thin smooth cellulose film prepared by spin coating commercial cellulose triacetate onto a silicon wafer and then hydrolysing the acetate using the procedure described by Su *et al*.[@b20]. [Figure 6](#f6){ref-type="fig"} shows the NR curves for the resulting regenerated non deuterated cellulose film with and without HRP measured in D~2~O buffer. The number of fringes in the NR curve for natural isotopic abundance cellulose film (open circle) clearly shows that the films are smooth and thick. The curve indicated with filled squares shows the NR profile for the same film with HRP adsorbed on its surface. There is no observable difference in NR curves with and without HRP adsorption; both curves are indistinguishable. This is due to the lack of contrast between the adsorbed layer of HRP and the cellulose layer, possibly compounded by the expected very low film thickness of the adsorbed HRP layer. It was therefore necessary to use deuterated cellulose to gain contrast and clear visualization of biomolecule adsorption conformation.

Adsorption of Horseradish Peroxidase (HRP) on DC film
-----------------------------------------------------

In order to insure full or maximum surface coverage of HRP at the liquid-cellulose interface, HRP was adsorbed from solution and equilibrated onto DC film under conditions of excess HRP. [Figure 7(a)](#f7){ref-type="fig"} shows the NR curves for DC films with and without a sorbed HRP layer over D~2~O as a sub-phase. Comparing the NR curve of the DC film after HRP adsorption (red squares) to the original DC film (blue squares) -- shows the appearance of pronounced fringes from the film formed by absorbed HRP (red squares). These fringes are attributable to the appearance of a layer with noticeable SLD difference from the DC film. For further analysis, the NR curve of the DC film at the D~2~O/film interface was fitted with a single layer model. An additional layer was included to fit the NR curve with the HRP adsorbed onto the DC film surface. [Figure 7(a)](#f7){ref-type="fig"} shows the fitted NR curves and [Fig. 7(b)](#f7){ref-type="fig"} represents the model of SLD profile of DC film and DC/HRP used for NR curve fitting. The SLD plot clearly reveals the contrast difference between the DC cellulose layer and the layer containing the HRP enzymes and allows clear visualisation.

[Table 2](#t2){ref-type="table"} regroups the parameters obtained from fitting the NR curves. SLD of the non-deuterated cellulose (C~6~H~10~O~5~) is typically about 1.7 × 10^−6 ^Å^−2^. Here, for DC film in the presence of D~2~O, the resulting SLD is about 7.1 ×10^−6 ^Å^−2^ which corresponds to the composition lying between C~6~HD~9~O~5~ and C~6~D~10~O~5~. These data provide strong evidence that the regenerated deuterated cellulose films in contact with the buffered D~2~O are highly deuterated (between 90--100%). Moreover, the thickness of DC film increased from 98 ± 10 Å in air to 280 ± 15 Å upon swelling in buffered D~2~O; this corresponds to a swelling factor of about three showing that cellulose at the liquid interface becomes a hydrogel.

Results from HRP adsorption onto the DC film reveals an HRP layer thickness of about 98 ± 10 Å with a SLD of 3.9 × 10^−6 ^Å^−2^. The measurements were performed in the presence of D~2~O and the results show an adsorbed volume fraction for HRP of about 20%. This suggests either that HRP does not adsorb as a full monolayer, or that the molecules are strongly hydrated and adopt an open conformation when adsorbed into cellulose. Given that the molecular function of HRP continues when the molecule is adsorbed on a cellulose substrate[@b39][@b40] it is unlikely that the protein is unfolded, since this function is heavily dependent on the correct folding.

Discussion
==========

Preparation and characterization of deuterated smooth cellulose films
---------------------------------------------------------------------

The deuterated cellulose films preparation methodology developed here was an adaptation of the methods of Greber and Paschinger[@b41], Cooper[@b42] and Cheng *et al*.[@b5] Earlier, cellulose thin films using the methodology reported by Eriksson *et al*. and relying on the direct cellulose dissolution in DMAc/LiCl were also tested[@b16]; however for (deuterated) bacterial cellulose it produced films of relatively high roughness as compared to the methodology selected. The DBC obtained from Gluconacetobacter xylinus strain ATCC 53524, using deuterated glycerol and D~2~O as the solvent for the media was fully dissolved into an ionic fluid, and then reacted to completion (degree of substitution (DS = 3) into trimethylsilyl cellulose. This derivative was readily soluble in toluene, which is an excellent solvent for spin coating. ATR-FTIR investigations ([Fig. 3](#f3){ref-type="fig"}) reveals the large proportion of deuterium atoms have replaced the H atoms. NR investigations ([Fig. 7(a)](#f7){ref-type="fig"} and [Table 2](#t2){ref-type="table"}) shows that the DC films over a D~2~O sub-phase have a high deuteration level close to 100%. Our study to optimize deuterated cellulose films preparation for NR application led to the observations that the bacterial cellulose is more difficult to dissolve than cellulose from woody lignocellulose origin; this is probably due to a higher molecular weight and a crystallite morphology[@b43].

Variation of cellulose contrast for biomolecule visualization
-------------------------------------------------------------

Deuteration, achieved either by manipulating the contrast of water in sub-phase, or by manipulating the biosynthesis of the macromolecule, is useful to reveal the biomolecule adsorption conformation at the solid-liquid interface by using NR. When natural isotopic abundance water (H~2~O) is replaced by heavy water (D~2~O), all of the hydroxy groups may exchange so that isotopic mixture reflects that of the subphase. [Figure 8a](#f8){ref-type="fig"} shows the deuteration arrangement on each anydroglucose unit for different combinations of solvent/sub-phase composition and levels of cellulose biodeuteration. The hydrogens bound to a carbon atom cannot exchange, but those linked to a nitrogen or oxygen atom can if they are accessible to the solvent[@b44][@b45]. In these films, we have shown that all hydroxyl groups are available for exchange. In proteins, generally it is assumed that about 10% of all exchangeable groups are available on the exterior of the protein[@b46], this is consistent with our observation of a clear layer with a SLD approaching that calculated from the crystal structure (PDB file 1H5A[@b36]) and the program CRYSON[@b46].

Changing the H~2~O/D~2~O ratio of the liquid phase is a simple way to control the level of deuteration; the neutron SLD range offered is however restricted. Cellulose bio-deuteration offers a very attractive option for achieving a wider range of SLD contrast and measuring physical properties of any adsorbed materials, as demonstrated above. The important factor is that while only oxygen-, nitrogen- and sulfur-bound hydrogen atoms in HRP will exchange in D~2~O, or mixed H~2~O/D~2~O solutions, relatively facile bacterial biosynthesis of cellulose in which the carbon-bound hydrogen is replaced with deuterium provides a route to considerably higher SLD values in the underlying cellulose films. Additionally, it is entirely possible that spectroscopic analysis of fully and partially deuterated cellulose, in either film or fibrous form, associated with adsorbed enzymes and antibodies using advanced two-dimensional nuclear magnetic resonance (NMR) methods may yield further insights into the types of interactions and molecular conformations involved. Bacterial biosynthesis of fully deuterated cellulose clearly opens up a many avenues for studying how cellulose interacts with biologically important molecules.

The SLD of natural isotopic abundance cellulose (C~6~H~10~O~5~) is 1.7 × 10^−6 ^Å^−2^ and after exchange of the three labile hydroxy protons per anhydroglucose unit, the SLD 3.4 × 10^−6 ^Å^−2^ (C~6~H~7~D~3~O~5~) in D~2~O. The SLD of fully bio-deuterated cellulose (C~6~D~10~O~5~) in equilibrium with D~2~O is 7.1 × 10^−6 ^Å^−2^. [Figure 8b](#f8){ref-type="fig"} shows the SLD of HRP, natural isotopic abundance cellulose and deuterated cellulose as a function of D~2~O content. The labile protons on the hydroxy groups reflect the D~2~O content of the solvent. The average value of SLD for HRP was calculated based on the number density of atoms and 10% exchange using the program CRYSON[@b46]. Over the range of D~2~O content, there is only a small difference in SLD value between cellulose having varying H/D ratios (red line) and the corresponding ratios in HRP (green line). This hinders visualization of proteins adsorbed onto natural isotopic abundance cellulose surface. On increasing the deuteration level of cellulose (blue line), the SLD difference increases significantly and high contrast levels for proteins with respect to deuterated cellulose can be achieved. This contrast enables the precise measurement of the thickness of a very thin layer of proteins adsorbed on cellulose, such as the enzymes and antibodies used in paper diagnostics.

The thickness of the adsorbed HRP layer at the liquid-cellulose interface measured by NR was 98 ± 10 Å with a volume fraction of 20% of the protein. Various representations of the three-dimensional structure of a single molecule are reported: for HRP in neutral buffer solution determined by *in-situ* ECSTM the dimensions of surface adsorbed particle was 68 × 44 × 40 Å^3 ^[@b47]; according to X-ray crystallography[@b36] the dimensions of the molecule pack in a crystal are 40 × 68 × 117 Å^3 ^[@b48]. Although there is considerable discrepancy between the dimensions of HRP molecules adsorbed on a surface and that packed in a crystal, the thickness of the layer measured accommodates even the extreme dimensions of the protein. HRP molecules adsorbed on a surface might form structures that are random, or fully or partially ordered if the dipolar and H-bonding interactions are sufficiently strong. Clearly, whether the adsorption takes place under kinetic, or thermodynamic control may have a strong influence on the degree of order in the protein layer. This interesting aspect of protein adsorption will be further studied by our group. In the present case, with the partial surface coverage achieved, surface relaxation of HRP is expected with some agglomeration. The low HRP surface coverage was anticipated from the low HRP affinity for cellulose, driven by non-electrostatic (van der Waals) forces. Agglomeration of HRP molecules may form irregular structures surrounded with a thick layer of D~2~O, which results in 80% of solvent fraction in the film. Our experiments ([Fig. 6](#f6){ref-type="fig"}) confirm that cellulose deuteration using bacterial biosynthesis is a key method for visualizing and quantifying thin layers of enzyme adsorbed onto cellulose surfaces.

Conclusion
==========

In the present study, thin, smooth deuterated cellulose (DC) films have been prepared and these provide sufficient contrast using neutron reflectometry to visualize and quantify absorbed layers of horseradish peroxidase (HRP) as an example of an important class of bio-macromolecules. First, deuterated bacterial cellulose (DBC) was obtained by growing Gluconacetobacter xylinus strain ATCC 53524 in deuterated glycerol in D~2~O as a carbon source. Afterwards, two strategies were compared to synthesize cellulose derivatives which can dissolve in organic solvents (acetone and toluene) for spin coating: either acetylation or trimethylsilylation in ionic liquid (1-Butyl-3-methylimidazolium chloride). The trimethylsilylation of deuterated bacterial cellulose allows high yield of soluble product, and was used to prepare toluene solution for spin-coating onto silicon substrate. The resultant thin film was hydrolysed into deuterated cellulose in HCl vapour. Thin (100--200 Å) and smooth (RMS = 10--20 Å) cellulose films resulted. Adsorption of an enzyme, horseradish peroxidase (HRP) onto the surface of DC film surface could clearly be visualized and quantified by neutron reflectivity analysis. Data analysis showed the thickness of adsorbed HRP layer at the liquid-cellulose interface is 98 ± 10 Å, with roughness of 17 ± 5 Å and with a volume fraction of 20%; this corresponds to partial surface coverage of HRP aggregates. The method developed enables preparation of thin cellulose films with controllable deuteration levels. Control over the level of deuteration can provide a wide range of controllable scattering contrasts that greatly enhances the investigation of the interactions between cellulose and biologically important bio-macromolecules.

Experimental
============

Materials
---------

1-Butyl-3-methylimidazolium chloride (BMIM chloride, ≥98.0%, HPLC), hexamethyldisilazane (HMDS, ReagentPlus, 99.9%), toluene (anhydrous, 99.8%), acetone (AR, ≥99.5%), cellulose acetate (M~r~\~29,000, acetyl groups substitution \~40%) were all purchased from Sigma-Aldrich. Polished silicon wafers (50.8 mm diameter, 12 mm and 0.5 mm height, n-type Si:P, \[100\]) were purchased from El-Cat Inc. The wafers were cleaned by soaking in a mixture of ammonium hydroxide, hydrogen peroxide and water (volume ratio = 1:1:5) at 70 °C for 15 min, allowed to air dry in a dust-free environment and used as substrates for spin coating. A spin coater from Laurell Technologies Co., Pennsylvania, model WS-650HZB-23NPPB-UD-3 was used.

Preparation of thin smooth cellulose films from cellulose acetate
-----------------------------------------------------------------

Non-deuterated cellulose films were prepared by spin coating solutions of commercial cellulose acetate in acetone onto silicon wafers and then subjecting the films to alkaline hydrolysis as described by Su *et al*.[@b20].

Physical Measurements
---------------------

Infrared spectra (IR) were obtained by the Fourier Transform Method in attenuated total reflectance geometry (ATR-FTIR, Perkin-Elmer, Spectrum One with an STI "Thunderdome" ATR system). The spectra were the result of the accumulation of 64 scans, at a resolution of 4 cm^−1^ in the range from 4,000 to 650 cm^−1^.

AFM measurements were made using a JPK Nanowizard 3 in AC (intermittent contact) mode. The piezoelectric scanner elements were monitored by capacitive sensors to ensure accurate reporting of height, z, and x-y lateral distances. Cantilevers used were Bruker NCHV model tapping mode levers, with nominal resonant frequencies of 340 kHz and spring constants of 20--80 N/m. Imaging was performed with a force set-point of \<1 nN. In post-acquisition processing, images were 'flattened' to arrange the scan lines in a plane only by the subtraction of a linear equation from each scan line in the JPK image analysis software. Height images converted the lateral (z) scale acquired by the AFM z-piezoelectric drive capacitive feedback loop to a colour for ease of presentation.

Neutron reflectometry (NR) measurements were performed at the PLATYPUS beamline of the Australian Nuclear Science and Technology Organization (ANSTO, Sydney, Australia)[@b33]. Measurements were performed at three different angles (0.5, 0.85 and 3.8 degrees). Data reduction and modelling of the NR curves were conducted using the IgorPro based macro MOTOFIT[@b33].
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![Schematic representation of the procedure used to prepare thin smooth regenerated deuterated cellulose (DC) films from deuterated bacterial cellulose (DBC).](srep36119-f1){#f1}

![ATR-FTIR spectra of dried deuterated bacterial cellulose before and after NaOH treatment to remove protein and other cellular material.\
The spectra are normalized to the maximum peak height for clarity of presentation.](srep36119-f2){#f2}

![ATR-FTIR spectra of deuterated bacterial cellulose (top Black) and natural bacterial cellulose (bottom red).\
Each spectrum was normalized to maximum peak height and offset for clarity.](srep36119-f3){#f3}

![Atomic force microscope (AFM) images of spin coated deuterated bacterial cellulose films (**a**) Before regeneration (**b**) After regeneration in vapour above 1M aqueous HCl.](srep36119-f4){#f4}

![Neutron reflectivity from a regenerated deuterated bacterial cellulose film at the air/solid interface.\
The solid line shows model NR from a single cellulose layer model.](srep36119-f5){#f5}

![Regenerated cellulose (non-deuterated) with and without enzyme (HRP) measured in D~2~O buffer.\
The open circle shows the cellulose film and the filled squares shows the same with a layer of HRP adsorbed on it.](srep36119-f6){#f6}

![Reflectivity data from the regenerated deuterated cellulose film without (blue square) and with adsorbed HRP (red square) over a D~2~O sub-phase (**a**). The solid line shows the fit of the NR data. (**b**) Model SLD profiles of the models used for fitting the respective NR data for DC film (blue partially overlaid with red) and DC film with adsorbed HRP (red). The structure of HRP (\*) was taken from the article published by Carlsson *et al*.[@b38].](srep36119-f7){#f7}

![(**a**) Molecular structure of cellulose at different deuteration levels. (**b**) Scattering length densities (SLDs) from HRP, cellulose and deuterated cellulose as a function of D~2~O content in the D~2~O/H~2~O mixture. The labile protons from the 3 hydroxy groups per glucose are exchanged reflecting the D~2~O/H~2~O ratio of the solvent. The crossing point of the water line with the protein and cellulose represents the "matching" point. The SLD for HRP was calculated from the fitting of the NR curve.](srep36119-f8){#f8}

###### Characterization of ATR-FTIR spectra for deuterated and natural bacterial cellulose.

  Band assignment ⇒⇓ Wavenumber (cm^−1^)     O-H stretching   C-H stretching   C-H bending deformation   O-H In plane bending   C-O stretching   C-O-C vibration   C-D Stretching   O-D stretching
  ----------------------------------------- ---------------- ---------------- ------------------------- ---------------------- ---------------- ----------------- ---------------- ----------------
  Natural Bacterial Cellulose[@b26][@b27]      3200--3480          2900        1454, 1361, 1315, 1277            1208                1054             1108              ---              ---
  Deuterated Bacterial Cellulose                  3337         2888 (weak)     1420, 1308, 1277 (weak)           1186                1054             1110              2100             2485

###### Surface characterization parameters resulting from fitting the NR curves for the DC film measured in air, D~2~O and with the adsorbed HRP layer.

  Sample      Thickness (Å)   SLD (10^−6 ^Å^−2^)   Volume fraction   Roughness (Å)
  ---------- --------------- -------------------- ----------------- ---------------
  DC/Air           90                5.5                 NA               15
  DC/D~2~O         280               7.1           33 (cellulose)          8
  HRP              98                3.9              20 (HRP)            17

[^1]: These authors contributed equally to this work.
